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Abstract
Two-dimensional single and few layers of molybdenum disulfide have attracted
much attention due to their unique property and potential for applications. Synthesis of
large area MoS2 on a substrate will lead to possible device fabrication. In this study,
large area MoS2 of high crystallinity and large size were synthesized by a Chemical
Vapor Deposition process. Both triangle-shape-flakes and continuous films of
monolayer and multilayer MoS2 were obtained. Analysis of layer roughness, size,
thickness, uniformity and crystallinity were studied by optical microscope, atomic force
microscope, scanning electron microscope, and Raman microscope. The effects of
precursor concentration, pressure in deposition chamber, gas flow rate and plasma
treatment on MoS2 layer growth were also investigated in order to understand the
growth mechanism of triangle-shape MoS2 on SiO2/Si substrate. Understanding of the
initial growth was also achieved by studying the crucial role played by the substrate
surface condition in MoS2 growth. It was found that the right surface condition before
deposition is necessary for successful growth of single and few layer MoS2. The study
of growth process will eventually help deposit ultra large size MoS2 layers of wafer
scale for applications.
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Chapter 1. Introduction
The 5th of October, 2010, the Nobel Prize in Physics 2010 was awarded to Andre
Geim and Konstantin Novoselov “for ground breaking experiments regarding the twodimensional material graphene”, a layer of graphite. [1] The planar monolayer of carbon
atoms was arranged in a two-dimensional honeycomb lattice structure.

[2]

Since the

celebrative discovery of graphene, two dimensional (2-D) crystals have been an
attractive research regime for potential application in nanoelectronic devices. As a
traditional well-known 2-D material, graphene is prospective in a wide range of
applications due to its excellent properties, such as high strength and elasticity, tiny
thickness, and high electron mobility within the graphene plan. [3][4] Scientists have paid
a significant attention to this material and made a great effort to synthesize the 2-D
graphene layers.
As the electronic devices become smaller and smaller, semiconducting
technologies demand for conventional field effect transistors with tiny feature sizes to
be made by high performance thin layers. Single layer graphene has been considered as
one of the best choices for this application. However, the absence of band gap in
electronic structure of graphene and challenges from creating band gap in graphene
have forced new 2-D materials exploration such as transition metal dichalcogenides as
an alternative. [5] Among them, 2-D MoS2 attracted much attention due to its field effect
electronic properties, light emitting, thickness dependent band gap and spin coupling
properties. [6][7][8]

1

1.1 Properties of 2-D MoS2
1.1.1 Crystal Structure
Common polymorphs of MoS2 compounds are semiconducting hexagonal 2HMoS2 and metallic rhombohedral 1T-MoS2 which is a metastable phase. [9]
Similar to graphene, 2-D 2H- MoS2 has a hexagonal crystal structure. For one layer
of this stable configuration, each molecule has two 3-fold coordinated sulfur atoms
sandwiched one 6-folded coordinated hexagonally packed molybdenum atom. For
multi-layers, each S−Mo−S layer is weakly bonded to other S−Mo−S layers by van der
Waals forces. Figure 1 shows the trigonal prismatic coordinated unit cell (a) and planar
configuration of monolayer 2H-MoS2 (b).

(a)
(b)
Figure 1. (a) Unit cell of 2H-MoS2; (b) Crystal configuration of one layer 2H-MoS2.
[9]

While the 2H type stack each S-Mo-S layer as ABA sequence, 1T type stack as ABC
sequence which were shown in Figure 1.

[10]

Within each layer, the Mo and S atoms

form 2D hexagonal lattices, with the Mo atom being coordinated by six neighboring S
atoms in a trigonal prismatic geometry.

2

Figure 2. Schematic illustration of the 2H-type structure of MoS2. (Left) Schematic
illustration of the 1T-type structure of MoS2. (Right) [10]

The structural difference between 2H and 1T MoS2 layers is the coordination of unit
cell, 2H has trigonal prismatic coordinated unit cell while 1T possess octahedral
coordinated unit cell. One-layer structure of 2H and 1T listed in Figure 2 can be
switched by gliding one S plane along the arrow direction. [11]

Figure 3. Schematic illustration of the structure of (a) 2H, (b) 1T phases viewed from
the out-of-plane and in-plane axes. The blue and yellow balls represent Mo and S
atoms. For the 2H phase (a), only the S atoms on the upper planes can be seen from
the c-axis as those on the lower planes are directly beneath. The arrows in panel a
show the local S plane glide motion that leads to local transformation to 1T structure.
[11]

The two phases with dissimilar electronic properties are lattice matched, which is
prospective in forming atomic and electronic hetero-structures that are chemically
3

homogeneous. It’s been found the 1T phase is not stable and readily transforms back to
2H phase under moderate temperature annealing (300 °C). [12]
1.1.2 Electronic Structure and Properties
1.1.2.1 Band Structure and Bandgap Tuning

Table1. Properties of 2H-MoS2
Bandgap energy[eV]

MoS2
1.29
1.89

Bulk
monolayer

Interlayer height[Å]
Poisson ratio
Thermal conductivity
[Wm-1K-1]
Lattice constants[Å]

3.19
0.34
18.06
a
c

3.160
6.147

As shown in table 1 from literatures, the band gaps of molybdenum disulfide crystal
are different between bulk and monolayer structures. Bulk molybdenum disulfide has
an indirect band gap of ~1.2 eV, while monolayer molybdenum disulfide has a direct
band gap of ~1.8 eV.

4

Figure 4. Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c)
bilayer MoS2, and (d) monolayer MoS2. The solid arrows indicate the lowest energy
transitions. Bulk MoS2 is characterized by an indirect bandgap. The direct excitonic
transitions occur at high energies at K point. With reduced layer thickness, the indirect
bandgap becomes larger, while the direct excitonic transition barely changes. For
monolayer MoS2 in (d), it becomes a direct bandgap semiconductor. This dramatic
change of electronic structure in monolayer MoS2 can explain the observed jump in
monolayer photoluminescence efficiency. [13]

The band structure for bulk MoS2, 4L MoS2, 2L MoS2 and monolayer MoS2 from
calculation showed the bandgap changing with layer numbers. [13] Up to monolayer, the
bandgap of MoS2 becomes 1.89 eV originated from d-orbital electrons located at the
Brillouin zone K point. As the number of layer decreases, the indirect bandgap increases
monotonically.
Studies also show that the electrical and optical properties of molybdenum disulfide
change dramatically from bulk to monolayer due to the interlayer interaction.
Investigations on field effect transistors (FETs) indicate that the electron mobility of
5

monolayer MoS2 can reach up to 200 cm2V-1s-1 with an on/off current ratio of more
than 108. [14]
1.1.2.2 Electronic Properties
By fabrication of molybdenum disulfide-based field effect transistor using
lithography and reactive ion etching to pattern the film, the electrical performance of
molybdenum disulfide film could be evaluated.
The fabrication of FETs requires enhanced charge carrier mobility in imbedded
semiconducting materials. In 2D MoS2, the charge carriers are confined within the layer
that can potentially offer increased mobility. Its field effect charge carrier mobility,
reach up to 200 cm2V-1s-1 [15], is influenced and reduced by several charge scattering
effects factors such as: coulombic, optical phonon, acoustic and surface roughness. [16]
Figure 5 shows the relationship between charge carrier mobility and temperature under
various scattering mechanisms by theoretical calculation. [15] [17]

Figure 5. Theoretical calculations of charge carrier mobility affected by various
scattering mechanisms as a function of temperature. [15]
6

At low temperature (below 100K), Coulomb effect dominates the limitation of
overall carrier mobility, higher than this temperature, acoustic scattering limits the
overall carrier mobility.
And their relation between overall carrier mobility and influence factors are: [18]

1
μTOTAL

=

1
1
1
1
+
+
+
μC μPO μA μSR

Where μC , μPO , μA , μSR are effective carrier mobility limited by Coulombic, polar
optical phonon, acoustic phonon and surface roughness scattering mechanisms.
Another important electrical property of FETs is the transistor switching value. The
bandgap value of the incorporated semiconducting materials governs transistor
switching value. So it’s prospective for 2-D molybdenum disulfide because its bulk
material has a bandgap 1.2 eV, and its monolayer has a bandgap 1.89 eV

[13]

. By

increasing layer number of 2-D molybdenum disulfide, its bandgap value decreases.
This property can help to control the transistor switching value in order to meet various
requirements for practical applications.
The carrier charge density, which describes the number of available free charges for
transconductance plays a vital role in generating output current for FETs. At room
temperature, many intrinsic semiconductors have relatively low charge densities that
are not sufficient for generating enough output current for FETs. So doping and
intercalation procedure are routinely applied to increase the carrier charge density.
7

However, the process also leads to increased Columbic scattering effects which
potentially reducing the carrier mobility. So the high performance FETs requires
synergy of different promotive functionalities.
1.1.3 Optical Properties
The lattice vibration in 2-D molybdenum disulfide can be detected by Raman
microscope. Researchers have found there are four kinds of crystalline sites’ oscillation
1
2
called A1g, E1g, E2g
, E2g
in 2-D molybdenum disulphide structure. Their oscillation

mode illustrated in Figure 6. [19]

Figure 6. Raman active modes of 2H-MoS2 compound. [19]

The black particles are Mo atoms, and white particles are S atoms. A1g mode
corresponding to vertical vibration of sulfur atoms. For 2H-MoS2 single crystal, all four
vibrational modes are detectable as Figure 7 shows. [20]
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Figure 7. Raman scattering spectrum of 2H-MoS2 single crystal showing the
anisotropic character of the vibrational modes. The interlayer shear mode observed at
33.5 cm-1 is typical of the trigonal prismatic structure. [20]

1
From the experimental data shown in Figure 8 [21], Raman peak of E2g
and A1g

located at 387 and 403 cm-1 respectively. The inset shows the dependence of layer
1
number on the peak separation of E2g
and A1g as measured in experiments. As the layer

number increases, the A1g mode frequency increases. This is expected as the vertical
vibration is suppressed more and more by increased van der Waals binding forces
between plans, the effective restoring forces acting on the atoms increases, according
to classical model for coupled harmonic oscillators, so the A1g mode frequency
increases.

1
E2g
vibration mode depicts the horizontal vibration of Mo and S atoms. As

the displacement of Mo and S atoms is limited inside the plan, so the corresponding
Raman frequency is unlikely to change regardless of the thickness of layers. However,
1
experiments show that the behavior of the E2g
mode does not match this prediction.
[21]

1
The decreasing frequency behavior of E2g
mode with increasing layer number of

9

MoS2 may reflect the influence of stacking-induced structural changes or long-range
Coulombic interlayer interactions.
Above five layers, the two modes seem to converge to bulk molybdenum
disulfide values.

Figure 8. Raman spectra of different layers 2-D MoS2 with inset relation of layer
number and double peak distance. [21]

Photoluminescence (PL) can be used to directly observe the electron transition
between electronic bands. Since the monolayer molybdenum disulfide has a direct band,
while does not need the participation of phonons and therefore should have high
efficiency in PL. the bulk MoS2 possesses an indirect band and needs the assistance of
phonons for PL processes. In this later case, the PL intensity is expected much lower
than that of monolayer with directly band. Figure 9 shows the PL spectra of a monolayer
and a two layer MoS2. [22] The monolayer exhibits a significant PL emission compared
to its two-layer structure (or bulk).
10

Figure 9. PL spectra of a mono and bilayer MoS2 flake. [22]
1.1.4 Mechanical Properties
There are several interesting mechanical properties of 2-D molybdenum disulfide.
Bertolazzi etc. have proved that the strength and elasticity of suspended monolayer
molybdenum disulfide is comparable with that of stainless steel.

[23]

And Gomez etc.

studied the deformation elasticity of monolayer molybdenum disulfide, and showed that
free standing monolayer MoS2 deposited on top of a 285nm SiO2/Si substrate prepatterned with an array of holes 1.1μm in diameter could withstand elastic deformation
up to tens of nanometers without breaking.[24] They also calculated the Young’s modulus
to be between 270 to 330 GPa (compared with 180 GPa for stainless steel, 1000 GPa
for graphene) Interestingly, when molybdenum disulfide monolayer undergoes a
mechanical strain (smaller than 2%), it’s band gap shift from direct to indirect and a
phase transition from semiconductor to metal phase occurs.[25] These mechanical
properties would be of significant importance for their development in flexible
mechanical devices and actuators.
1.1.5 Thermal Properties
As literature shows, the thermal conductivity along the layer plan is 18.06 Wm-1K11

1

, whereas that out of plan direction is 4.17 Wm-1K-1 for single crystal MoS2. [26] The

reason for MoS2 thermal conductivity drop for out of plane direction compared with in
plane direction is partly due to the mismatch of lattice plane when exfoliating or
restacking the layers. But the relatively low thermal conductivity could be used for
thermally insulating solid lubricants. Experimental data shows the thermal conductivity
of MoS2 crystal increases with the decreases of temperature as shown in Figure 10 [27],
which can be accounted for reduced thermal diffusivity values by the lattice vibration
at higher temperature.

Figure 10. Thermal conductivities of MoS2 (circle) and MoSe2 (rectangle)-Solid
symbols indicate exfoliated and restacked compounds while open symbols indicate
the pristine. [27]
1.2 Applications of 2-D MoS2
1.2.1 Lubricants
Molybdenum disulfide compound are wildly used as an additive in liquid media or
as a solid lubricant coating. The excellent lubrication performance has been reported.
And Martin etc. demonstrated its super-lubricity with coefficient of friction on the order
12

of 10-3.

[28]

This could be attributed to the weak attraction between the planes, which

are dominated by van der Waals forces. In MoS2 crystal structure, a hexagonal plane of
Mo atoms is bonded to two S layers by strong covalent-ionic bonds, and each S-Mo-S
layer is bonded to adjacent layers by weaker van der Waals forces. Any small shear
force applied along these planes can slide layers on top of each other.

Figure 11. Friction coefficient of PVD MoS2 coatings vs environmental pressure. [28]
1.2.2 Electronic Devices
The early study on 2-D molybdenum disulfide shows the charge carrier mobility on
the order of 0.5 to 3 cm2V-2s-1 by Novoselov work. [29] Recent reports indicate that the
charge carrier mobility up to 220 cm2V-1s-1 for monolayer molybdenum disulfide was
obtained, which is comparable to the value of semiconductor silicon thin film and
graphene nanoribbons. [30] To achieve this value, they used a 30 nm thick HfO2 layer as
a high-κ dielectric top gate as shown in Figure 12 (a). Field effect characteristics of the
monolayer molybdenum disulfide transistor at different gate voltages were shown in
Figure 12 (b). The IDS–VTG curves recorded for a bias voltage ranging from 10 to 500
mV show ON/OFF ratios > 106.
13

Figure 12. (a) 3D schematic illustration of a monolayer MoS2 FET; (b) Field-effect
measurements of MoS2 monolayer based FETs. [30]

The high performance FET shows remarkable drain-source current ON/OFF ratios
of 106 and 108 for bias voltages of 10 mV and 500 mV, and OFF-state current smaller
than 100 fA. The electronic properties make the MoS2 suitable for applications in
simple logic operators, signal amplifiers and even more complicated integrated circuits
like static random access memory (SRAM) and five-stage ring oscillators.
There’s another new application of molybdenum disulfide in valleytronics. It
contains the channeling charge carriers moving into and out of set momentums. The
crystalline molybdenum disulfide creates two asymmetrical momentum valleys which
is possible to be nudged to preferentially into one valley state or another by using
polarized light. As this process could be very fast, it can be used in super high rate
electronic and optical switches.
1.2.3 Battery Electrodes
The 2-D molybdenum disulfide has been reported as electrodes for lithium ion
batteries (LIBs). Its interlayer spaces were filled with alkali ions. So the larger interlayer
14

space in crystalline 2-D molybdenum disulfide would be favorable to fast lithium
intercalation and higher lithium storage capacity. 2-D molybdenum disulfide
composited with graphene were reported as electrodes and possess specific capacities
as high as 1100 mAhg-1. [31] [32] 2-D molybdenum disulfide with reduced graphene oxide
and mesoporous carbon were also used as battery electrodes. Later reports studied the
molybdenum disulfide electrodes in Mg ion batteries. There are certain limitations of
molybdenum disulfide used as battery electrodes. One of them is the inclination of very
compact aggregation after cycling charge and discharge circle, which is caused by
formation of gel-like polymeric layers due to electrochemically induced electrolyte
degradation. This can be mitigated by composing molybdenum disulfide with other
materials, like graphene, reduced graphene oxide, and so on.
1.2.4 Catalysts
Layered molybdenum disulfide has been explored for applications as catalysis.
Their doped or intercalated form also play an important role in catalysis. Such catalytic
reactions include hydrodesulphurization (HDS) and hydrogen evolution reaction
(HERs). [33] [34] The attribution of catalysis generally due to unsaturated sites on particles
edge surfaces which is parallel to the hexagonal axis of layered molybdenum disulfide
structures. For HERs, investigation has shown that the hydrogen evolution is
proportionally related with the number of particle edge sites of Au (111) nanoparticles
on layered molybdenum disulfide catalyst.

[35]

Hence, one way to optimizing HER

activity in molybdenum disulfide is to enhancing the number of active sites. Also, other
methods by increasing the electrical contact with the active sites or fabricating
15

integrated molybdenum disulfide with graphene could improve the HER activity in
molybdenum disulfide. One example is that Li has demonstrated that few layered
molybdenum disulfide with graphene sheets on it show raised electro-catalytic activity
in HERs. [36]
1.2.5 Optical Devices
2-D molybdenum disulfide has potential in developing different types of optical
devices, such as solar cells based on photo-electrochemical (PEC), junction and organic
technologies, semiconducting optical devices (photo and light emitting diodes), counter
electrode catalysts in dye-sensitized solar cells(DSSCs) with a significant conversion
efficiency of up to 7.59%, [37] similar to that of DSSCs with Pt counter electrodes. As
can be seen from table,

[38]

the DSSCs using MoS2 counter electrodes achieved high

power conversion efficiencies closed to the photovoltaic performance of the DSSC
using Pt counter electrodes. And composite structure, like MoS2-carbon/carbon
nanotubes, MoS2-graphene nanosheets have also been investigated and used as Pt-free
counter electrode in DSSCs. The unique properties of MoS2 such as material abundance,
low cost, high catalytic activity, and ease of modification make it a promising counter
electrode catalyst for low-cost and high efficiency DSSCs.

16

Table 2. Photovoltaic parameters of the DSSCs using MoS2, WS2 and Pt CEs and
EIS parameters of the dummy cells fabricated with two identical MoS2, WS2 and Pt
electrodes [38]

1.2.6 Sensors
2-D molybdenum disulfide, due to its layered structure and adjustable bandgap
energy via changing layer number, has great potential for development of highly
sensitive and low cost sensors including optical, biological, electrochemical and
electromechanical sensors. Photodiodes and phototransistors make use of its tunability
of bandgap and could fit to UV, visible and IR region wavelengths. The field effect
transistors based on 2-D molybdenum disulfide have been investigated, and was
demonstrated for applications as phototransistors. Figure 13 shows the schematic view
of a monolayer molybdenum disulfide phototransistor. [39]

17

Figure 13. Schematic 3D view of monolayer MoS2 phototransistor. [39]

The molybdenum disulfide layer is covered by Al2O3 (50 nm) dielectric, and ITO
top-gate under monochromatic light. The photoinduced transfer curves (drain current
versus gate voltage) of this transparent top-gate MoS2 layer transistor under different
wavelength light (red, green, dark, UV) have different characteristic response which
can be used to identify the wavelength of incident light.
Monolayer molybdenum disulfide has an energy band gap of 1.8 eV, while double
layered and triple layered molybdenum disulfide is reduced to 1.65 eV and 1.35 eV.
These values are associated with the Coloumbic charges. So once the molecules in
surrounding space reduce or oxidize molybdenum disulfide, the carrier charge mobility
and carrier concentration would also change, then in turn, the layer conductivity
changes which could be detected. This is used in developing sensitive electrochemical
transducers.
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1.2.7 Superconductivity
It is reported that various alkali metal intercalated molybdenum disulfide
compounds exhibited superconductivity at temperature around 7 K.

[40]

Investigations

show the materials with largest ionic intercalant diameters and hexagonal crystal
structures have the highest critical temperatures and critical fields. Detailed studies
based on potassium (K) and rubidium (Rb) intercalated in molybdenum disulfide have
proven the superconducting behavior at temperatures between 8 K to 12 K. [41] [42] This
behavior was caused by transferring of electrons from intercalant to unfilled d band of
molybdenum disulfide structure. And further study has demonstrated electric field
induced superconductivity of molybdenum disulfide.
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Chapter 2. Literature Review
2.1 Current status and challenges
Due to the zero energy bandgap, graphene is not suitable for applications in
semiconductors. This limits the potential for substituting traditional silicon-based
semiconductors in related applications.
Recent study has shown that transition metal sulfides, in form of 2-D materials,
have great potential to achieve high electron mobility while maintain a nonzero electron
energy bandgap. Among them, molybdenum disulfide is outstanding for its thin-layer
structure with direct bandgap. After first demonstration of one layer 2-D molybdenum
disulfide with a direct bandgap of 1.8 eV, much research effort has been made on this
material. Initially, researchers used scotch tape to mechanically exfoliated bulk
crystalline molybdenum disulfide by mimicking the preparation process of graphene.
[43]

Small and random size distributed area of molybdenum disulfide of one layer were

made. For feasible fabrication of semiconductor and optical devices, researchers have
made great effort on developing other synthesis methods for highly uniform and large
area molybdenum disulfide films with controllable layer numbers. The deposition
methods under investigation include intercalation assisted exfoliation, liquid exfoliation,
physical vapor deposition, chemical vapor deposition, hydrothermal reaction, atomic
layer deposition using single precursor containing Mo and S. Among them, chemical
vapor deposition shows great potential in synthesizing 2-D materials, such as graphene
and boron nitride. It is also proved to be promising for synthesizing 2-D molybdenum
disulfide. In fact, several groups have successfully grown monolayer molybdenum
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disulfide via CVD. [44] [45] The obtained materials are highly crystalline with size up to
tens of micrometers which can be seen by optical microscope. Among these deposition
methods, chemical vapor deposition (CVD) is preferable for synthesizing planar area
of layered MoS2 with controllable thickness, better crystallinity along the planes and
higher yield as compared with traditional mechanical cleavage and liquid phase
deposition.
PVD methods are reported to produce molybdenum disulfide in morphologies
other than layers but nanoparticles, nanotubes and nanorods. Expensive van der Waals
epitaxy (VDWE) and molecular beam epitaxy (MBE) have been used to slowly grow
2-D molybdenum disulfide film under ultra-high vacuum. [46] [47] Direct sublimation of
MoS2 compounds would require 1100°C, so the synthesis of it via thermal evaporation
has been generally disregarded. CVD can also be used to grow MoS2 nanoclusters by
evaporating Mo and annealing under hydrogen disulfide. In comparison, more common
CVD technique used so far is to directly sulfurize evaporated MoO3 powder to form
layered MoS2 structures.
It has been reported that CVD grown MoS2 layers could be controlled over the
number of layers via controlling the growth time or temperature [43]. The resulted MoS2
single crystals are in triangular shape with size up to tens of micrometers. The
hexagonal coordinated structure of layered MoS2 resulted in forming equilateral
triangle single domain under non-equal ratio between Mo atoms and S atoms, which is
the most case in CVD process. Only at 1:1 ratio of Mo:S, the resulted domain would be
hexagonal shape.[48] In 2013, SiO2/Si substrate cleaned with piranha solution
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(H2SO4:H2O2=3:1) was used for 2-D MoS2 growth in a CVD chamber.[49] Most
common crystal grains are 3-fold triangle crystal of tens of micrometers.
There are certain challenges in 2-D MoS2 synthesis by those methods currently
used in order to achieve the requirements of industrial applications. And the current
growth conditions are not cost effective for industrial fabrication, which include high
growth temperature and low yield. In addition, structure and property tuning and doping
are waiting for further exploration.
The different methods for 2-D MoS2 deposition are summarized in the next few
sections.
2.1.1 Vapor phase transport synthesis of 2-D MoS2 and alloy
Vapor phase transport of MoS2 powder for MoS2 growth has been extensively
studied. The table below shows the summary of the capability of the technique. [50]

Table 3. Summary of the vapor phase transport method [50]

By vaporizing MoS2 powder at 900℃ and 20 Torr, Wu, et al. achieved
monolayer and few layer MoS2 deposition on insulating substrate (SiO2, sapphire, and
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glass) with a superb optical quality and high crystallinity. [51] However, this method
resulted in the growth the MoS2 crystals with randomly distributed nucleation and
thick layers of MoS2, which shows a limitation of the vapor phase transport technique.
By applying the same technique, Feng et al. synthesized 2D MoS2(1-x)Se2x (0≤ x≤
0.40) semiconductor alloys using MoS2 and MoSe2 powders.[52] The composition of
MoS2(1-x)Se2x monolayer can be tuned by controlling the evaporation temperature of
MoS2 and MoSe2. Therefore the photoluminescence peak position is tuned from 1.86
eV (i.e., 665 nm, x = 0) to 1.73 eV (i.e., 716 nm, x = 0.40), indicating the band gap of
2D MoS2(1-x)Se2x layer was tunable by introducing Se.
2.1.2 Vapor phase reaction synthesis of 2-D MoS2 and alloy
Compared to direct vaporize MoS2, more researches were done on vapor phase
reaction of two precursors. A summary of this method is shown below. [50]
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Table 4. Summary of the vapor phase reaction method [50]

Among the vapor phase reaction deposition method, MoO3 was widely used as
Mo precursor. One of the reasons for choosing MoO3 is the possible nucleation
promotion function of MoO3-x suboxide compounds. This intermediate phase diffused
to substrate and further react with sulfur vapors to form MoS2. This method allows the
growth of single-crystalline MoS2 monolayer directly on insulating substrate. Most of
the reactions were conducted under atmospheric pressure and 650℃ to 850℃. But
the low pressure chemical vapor deposition (LPCVD) was conducted only on mica
substrate. [53] With SiO2/Si substrate, the reported growth result on substrate surface
was covered with granular MoS2 film at ~3 torr.
Most vapor phase reaction depositions lead to the direct formation of MoS2 flakes
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on substrates, while Wang et al. reported a method using MoO2 microplates as
templates then sulfurized to form MoS2 at a higher temperature (850℃-950℃). [54]
The MoO2 rhomboidal microplates were firstly synthesized right before the MoS2
formation under the same condition but lower temperature (650℃-850℃). The
resulting MoS2 layers could be peeled off from MoO2 microplates using
polymethylmethacrylate (PMMA) mediated transfer printing method. The schematic
of synthesis and cleavage of MoS2 was shown in Figure 14. The MoS2 layer number
could be controlled via second annealing time in a sulfur environment. The estimated
number of layers for MoS2 flakes obtained by annealing for 0.5, 1-3, and 6 h to be 1L,
1-2L and 4L, respectively

Figure 14. (a) Schematic of the synthesis and cleavage of MoS2. MoO2 microplates
were synthesized by the reduction of MoO3 and then used as templates to grow MoS2
via layer-by-layer surface sulfurization. (b) and (c) Pictures showing the assynthesized MoS2/MoO2 layers on the SiO2/Si wafer and the peeled off MoS2 layers
after removing MoO2. Insets display the atomic force microscope (AFM) images of
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as-produced MoS2/ MoO2 plates and the transferred MoS2 flakes, respectively. [54]

It’s been noted that the growth of MoS2 is very sensitive to the substrate treatment
prior to the growth. With different seeding promotors such as graphene-like species,
the MoS2 with different domain size, distribution, thickness can be formed. Figure 15
shows a summary of the experimental results. [55] [56]
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Figure 15. (a) Schematic of the experimental setup and the growth process on diverse
surfaces. The chemical structure of PTAS is shown on the right. [54] (b) Pictures
showing the quality of MoS2 layers synthesized on SiO2/Si substrates by using various
small molecule promoters. The triangular shape of most crystallites reflects the 3-fold
symmetry of MoS2 suggesting they are single-crystalline. Insets display the
corresponding growth promoters and some of the typical AFM images of as-made
MoS2 layers, respectively. [56]

Twelve organic seeding promotors and four inorganic seeding promotors were
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examined. It is found that some of the aromatic organic molecules can assist the
growth of monolayer MoS2 while all four inorganic particles didn’t show this
characteristic. The reasonable anticipation for promotion function is the change in
nucleation free energy which is lowered by promoters.
Similar to seeding promotion on substrate surface, Najmaei et al. used MoO3
nanoribbons by hydrothermal deposition as growth precursor. [57] By introducing
sulfur, MoS2 film grow on the substrate via CVD.
The direct sulfurization of metal oxides also has been applied by many research
groups to other TMDs layers such as MoSe2, WS2, WSe2.
Apart from synthesis of 2-D MoS2 crystal via vapor phase reaction, 2-D alloy by
vapor phase reaction is also investigated. By combining sulfur and selenium powder
together, Gong et al. showed 2-D MoS2(1-x)Se2x(0≤ x≤ 0.40) alloy synthesized on
SiO2/Si substrate.[58] While the Mo source kept as MoO3 powder. The intrinsic band
gap of monolayer MoS2(1-x)Se2x can be fine tuned between 1.85 and 1.60 eV. The
composition of monolayer alloy is straightforwardly controlled by temperature.
As synthesized 2-D MoS2 shows lots of grain boundaries shown in Figure 16. [49]
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Figure 16. Optical and electronic properties of mirror (a) and tilt boundaries （b）.
Optical measurements of an island containing a mirror twin boundary. [49]

Most recent research reveal that the coalescence of the grains including mirror
boundary and tilt boundary could either form a chemically bonded grain boundaries or
simply tilted by growing on top of each other without chemical bonds.
Recent developments in transition metal sulfides have shown a great promise in
filling the existing gaps of materials with better semiconducting performance in
applications. The successful demonstration of semiconducting MoS2-based field effect
transistors (FET) has prompted an intense exploration of the physical properties of fewlayered MoS2 films. Recently, Radisavlievic has demonstrated that the transistors
fabricated with the exfoliated MoS2 monolayer exhibit high on-off current ratio and
good electrical performance, which may be used in future electronic circuits requiring
low stand-by power.

[30]

The strong emission inherited from the direct band gap

structure of monolayer MoS2 also promises the applications in optoelectronics.
In this thesis work, I investigated the synthesis of 2-D MoS2 atomic layers by CVD
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with an emphasis on the growth parameters dependence.
2.2 Proposed research
Deposition of MoS2 layers have been performed at high temperatures. It might be
possible to lower the growth temperature by introducing energetic ions in the growths
chamber. We propose to decrease the reaction temperature of 2-D MoS2 synthesis by
adding plasma to reaction chamber. Since previous work has shown growth condition
of 2-D MoS2 synthesis under very high temperature, most around 750 to 850 Celsius.
[50]

In principle, addition of extra energy to reaction system could decrease the energy

needed from other source of reaction, such as heating source, which is directly shown
by temperature. So it is possible to achieve lower temperature synthesis of 2-D MoS2
by introducing plasma during deposition.
In order to do so, we studied the effects of deposition conditions on 2-D MoS2
growth. One of the purposes is to increase the planar area of the synthesized 2-D MoS2
by optimizing growth condition, such as increasing the concentration of precursors
(MoO3 and S) and changing the chamber pressure and gas flow rate. Previous work has
shown 2-D MoS2 of micrometer size synthesized by CVD. Large area need to be
synthesized for applications in electronics, optoelectronics and sensors. Increase of the
precursors’ dose was found to increase the thickness of 2-D MoS2. However, change of
the concentration of precursors in chamber has not been investigated. The concentration
of precursors is directly related to the sublimation speed and evaporation speed of
precursors which would not be affected by amount of precursors if other parameters are
kept constant, such as the area of precursors exposed. Therefore, increase of precursors’
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exposed area would increase the concentration of Mo source or S source.
Another sensitive condition is the pressure in the deposition chamber. Previous
studies have tried to change the chamber pressure via tuning the flow rate.

[59]

The

results were controversial. Some researchers found no influence while others showed
the impact on shape and thickness of 2-D MoS2, as shows in Figure 17. So further
investigations on pressure and flow rate effects are needed. This is very important for
our plasma assisted growth because most MoS2 was deposited at pressures close to
atmosphere which is not suitable for plasma generation. We will explore the possibility
of MoS2 deposition at low pressures.

Figure 17. 2-D MoS2 grown under different total pressure. (a - d) Optical images of
the MoS2 materials grown with different total pressure, 2 Torr, 50 Torr, 250 Torr, 750
Torr. Scratch was shown to see the contrast between the substrate and film. (e) Raman
spectra of the MoS2 films grown under different total pressures. The double peak
frequency difference in the Raman spectra is given in the figure. [59]
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Chapter 3. Experimental techniques
3.1 Synthesis methods of Layered MoS2
Recent experimental focuses have been on the synthesis of large planar area of
MoS2 with controllable thickness and crystallinity. There is a wide range of synthesis
technique for 2-D MoS2 growth. Some of the often used approaches will be summarized
here. They can be categorized into four major areas: mechanical cleavage, vapor, liquid
and solid phase deposition techniques.
3.1.1. Mechanical cleavage
The traditional method to synthesize 2-D materials is mechanical cleavage. 2-D
MoS2 was firstly obtained by mechanical cleavage using scotch tape from bulk MoS 2
crystals. Single layer MoS2 was found after separation from tape. Novoselov et al. also
successfully applied mechanical cleavage to produce other single-layer materials from
their bulk crystals, like BN and NbSe2.

[42]

This method is wildly used in obtaining

pristine 2-D nanosheets for studying their properties and fabricating prototype
electronic devices. But this method is limited to produce large area, high uniformity and
controllable layer numbers.
3.1.2. Vapor Phase Deposition
Overall, vapor phase deposition has two subsidiary categories: physical vapor
deposition (PVD), chemical vapor deposition (CVD). PVD methods including thermal
evaporation, molecular beam epitaxy(MBE), puled laser deposition(PLD), van der
Waal epitaxy(VDWE), electron beam evaporation(EBE), direct current sputtering(DCS)
and radio frequency sputtering(RFS) have been used in synthesizing molybdenum
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disulfide. But most of these techniques are reported to produce molybdenum disulfide
in morphologies other than layers (like nanoparticles, nanotubes and nanorods). The
VDWE and MBE are usually very expensive and have been used to slowly grow 2-D
molybdenum disulfide film under ultra-high vacuum. Direct sublimation of MoS2
compounds would require 1100°C, so the synthesis of it via thermal evaporation has
been generally disregarded. Compared to it, vapor phase reaction is favorable to fast
synthesize 2-D molybdenum disulfide under moderate conditions. It has been studied
to grow MoS2 nanoclusters by evaporating Mo and annealing under hydrogen disulfide
but was mainly limited by the hazard of H2S. More straightforward method is directly
sulfurizing evaporated MoO3 powder, as MoO3 assists in forming layered structure.

(a)

(b)
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(c)

Figure 18. CVD-grown MoS2 layered structure shown by SEM (a), AFM (in-set), [53]
and OM (b). Monochromic red channel optical microscope image of a few layer MoS2
flake exfoliated onto a SiO2/Si substrate. (c) [60]

The CVD grown 2-D MoS2 distributed much uniformly than mechanical
cleavage 2-D MoS2 shown in Figure 18. [60] And compared to other synthesis methods,
CVD potentially can give better control over the number of layers if the growth occurs
via surface mediated synthesis.
3.1.3 Liquid Phase Deposition
Liquid phased deposition includes many different approaches, like electrochemical
deposition, hydrothermal deposition, and sol gel. In principle, the precursors containing
ionic Mo and S atoms, get interactions upon suitable energy applied (electrical, heat or
chemical), and form nuclei for further growth of layers or other forms. One synthesis
method shows using aqueous transition metal salts and Na2S2O3 via hydrazine-assisted
low temperature hydrothermal reaction which was shown in Figure 19.

[61]

After 12

hours maintaining at 130°C of the mixing solution in an autoclave, the resulting black
solid being washed and dried in N2 atmosphere was crystalline MoS2.
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Figure 19. Liquid phase approaches in producing layered MoS2 (electro-deposition,
dip-coating, and hydrothermal) [61]
3.1.4. Solid-State Reactions
The 2-D molybdenum disulfide could also be synthesized by solid-state reactions.
The method was implemented through rapid solid-state reactions between molybdenum
chlorides and alkali metal chalcogenides. MoS2 could be separated by washing the end
product. But they are normally prepared by intermittently grinding and heating the
elements at >900 °C for several days. This represents one of the major disadvantages
of the solid-state reaction.
Among the deposition methods of mechanical cleavage, chemical vapor deposition
and liquid phase deposition, they all have their own advantages and disadvantages. Tt
is preferable to synthesize monolayer MoS2 on SiO2/Si substrate with high uniformity,
crystallinity and domain size for further device fabrications. Therefore, CVD should be
the best process for this purpose.
3.2 Characterization techniques
3.2.1 Raman spectroscopy
Raman microscope is a spectroscopic technique used to measure vibrational,
rotational, and other low-frequency phonon modes through inelastic scattering of light,
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i.e. Raman scattering under monochromatic light in the visible, near infrared and near
ultraviolet. The incident light interacts with phonons and result in the energy of photons
shifted up and down, as Figure 20 shows. [62]

Figure 20. Illustration of crystals’ phonon energy shift under light source [62]

The shift in energy gives information about the vibrational modes in the system. If
the final vibrational state of the atoms is higher than the initial vibrational state, the
inelastically scattered photon energy will be shifted to a lower frequency to balance the
total energy of the phonon-photon system. The shift in frequency is designated as a
Stokes shift. If the final vibrational state of the atoms is lower than the initial vibrational
state, the inelastically scattered photon energy will be shifted to a higher frequency, this
is designated as an anti-Stokes shift.
3.2.1.1 Raman peak position exploration
The Raman peak position of monolayer MoS2 is found at about 403.8 and 385.8
cm-1, and the difference between the peak frequency is about ∆=18 cm-1. [63] The peak
separation is dependent on the layer number of MoS2. Figure 21 shows the explicit
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relation between MoS2 double peak frequency separation and layer number or thickness.
[64]

Figure 21. Raman spectra of layered MoS2 film. Different layer numbers with
1
different positions of the E2g
and A1g peaks are labeled. The double peak differences

are also indicated. [64]

1
This relationship between Raman active modes (E2g
and A1g) and MoS2 layer
1
number has been widely investigated. With the increase of layer number, the E2g

vibration frequency softens (red shifts) as twice the rate of frequency change as A1g
vibration stiffens (blue shifts). Therefore, the peak separation increases as the number
of layer increases. For the layer number of five or more, the frequency of both modes
converges to the bulk values. This behavior provides a simple but effective way to
detect the thickness or the layer number of MoS2 nanosheets. It is believed that E1g peak
is not visible because of the limited rejection of the Rayleigh scattered radiation by the
SiO2 substrate while the E1g peak becomes Raman active with MoS2 crystal shown in
Figure 7. [20]
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1
Within a classical model of coupled harmonic oscillators, the E2g
and A1g modes

are expected to stiffen as layer number increases. This is simply caused by the interlayer
van der Walls interaction which increases the effective restoring forces acting on atoms.
The A1g vibration indeed stiffens with the increase of layer number, agreeing well with
1
the prediction of classic model. However, E2g
vibration does not follow the prediction.

It is found to soften instead of stiffening.
So scientists tried to explain this with possible presence of additional interlayer
interactions. Regarding this disagreement, a low-energy electron diffraction study of
MoS2 single crystals was conducted. The Mo and S atomic planes within the topmost
layer shrinks by ~5% compared to its bulk value. [65] This lattice shrinks may relate to
1
surface reconstruction and contribute to the softening of E2g
vibration mode. Because

of surface reconstruction, the weak interlayer interaction among MoS2 layered crystals
can affect the intra-layer bonding and lattice dynamics. Alternatively, the softening of
1
E2g
vibration may be attributed to long-range Coulombic interlayer interactions.

[66]

Such an anomalous phenomenon has also been observed in GaSe and GaS. The
explanation to these results could be the non-negligible ionic interlayer interaction
between the metallic and chalcogen atoms. [66] [67] [68]
3.2.1.2 Raman peak width exploration
3.2.1.2.1 Raman peak width dependence with temperature
1
Najmaei et al. concluded that the Raman peak width of MoS2 E2g
and A1g modes

shows significant dependency on measurement temperature as well as thickness of
MoS2 layers shown in Figure 22. [69]
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Figure 22. (Color online) The change in Raman peak linewidth as a result of change
1
in laser power and its thickness dependency (a) for E2g
and (b) A1g modes. [69]

1
Under different laser power, the resulted Raman peak width of E2g
and A1g varied

apparently. The phonon-phonon coupling, decay process and population number of
phonons in MoS2 layers are related with the evolution of line-width from the thermal
effects. The enhanced thermal effects originated from higher laser power resulted in
1
amplified phonon-phonon coupling for both modes. As a result, the line-width of E2g

and A1g mode increased at higher laser powers.
3.2.1.2.2 Raman peak width and position dependence with strain
Raman spectroscopy has proven a powerful tool for characterizing graphene
samples subjected to uniaxial strain. The strain induced effect on MoS2 monolayer and
few layers has been recently explored explicitly.
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Figure 23. Raman spectra of trilayer MoS2 under different strains. (a) Raman spectra
1
of the trilayer MoS2 under various applied strains. (b) Raman shift of the E2g
and A1g

modes as a function of strain. [70]

Hui fabricated an electromechanical device that can apply uniform and controllable
biaxial compressive strain up to 0.2% to MoS2 layers on top of the piezoelectric
substrate (PMN-PT).

[70]

The bottom gold and top graphene were used as electrodes.

Both Raman modes of tri-layer MoS2 shifted to higher frequency as shown in Figure
23. Rice applied uniaxial strain to monolayer and few-layer MoS2 deposited on PMMA
1
polymer. [71] The E2g
peak position of uniaxial strained MoS2 layer red shifted while

A1g peak position nearly unchanged. Their experimental results agree well with
calculation results based on density functional perturbation theory (DFPT). One
1
interesting discrepancy is the broadening of E2g
peak under increasing uniaxial strain
1
which was predicted to be a splitting of the doubly degenerate E2g
mode from DFPT

calculation. For the peak width dependence with the strain, the apparent narrowing of
the A1g mode is yet to be understood.
3.2.2 Scanning electron microscope
SEM is an electron microscope that produces images of a sample by scanning it
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with a focused beam of electrons. The detailed triangle domains of various size and
surface morphology could be analyzed by SEM. It helps to verify the sample surface
morphology as measured by AFM. The surface morphologies measured by both
techniques should look alike. SEM image of monolayer MoS2 is shown in Figure 24.
[72]

The triangle domains could be observed with size up to 30 micrometers.

Figure 24. SEM images of MoS2 monolayer by CVD [72]
3.2.3 Atomic force microscope
By using an atomic-force microscope (AFM), it is possible to measure the
roughness of a sample surface at a high resolution, to distinguish a sample based on its
mechanical properties (For example, hardness and roughness) with demonstrated
resolution on the order of fractions of a nanometer. It is one of the effective way to
characterize layered structures. The surface roughness reflects the quality of single
crystallinity which is important for electronics and optoelectronics applications. It has
been calculated that defects in MoS2 single domain could dramatically decrease the
electron mobility and ON/OFF current ratio in MoS2-based FETs devices.
It can also tell the thickness of layers under investigation.
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1
As been mentioned in section 3.2.1, Raman active modes of 2-D MoS2, E2g
and

A1g modes, could indicate the layer number of it. By converting layer number to layer
thickness, the results should be in accordance with AFM characteristic thickness of
MoS2.
So AFM images could deliver important information for latter analysis and
diagnosis on 2-D MoS2 growth.
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Chapter 4. Synthesis of 2-D MoS2 at near-atmospheric pressure
In this study, we employed a CVD process to grow MoS2 monolayer and
multilayer on SiO2/Si substrates. We investigated the growth behavior of MoS2 under
different growth parameters.
The experimental setup of CVD system is illustrated in the following sketch.

Figure 25. Schematic of CVD system.

As can be seen from the schematic of CVD system in Figure 25, the 1-inch
diameter furnace tube was inserted in 3-inch diameter furnace tube with a thermal block
located at the upstream to ensure the air flow through the inner tube. The precursors
loaded in crucible were placed inside the smaller tube with sulfur at the upstream
position. Before deposition, we cleaned the substrate (silicon wafer with oxide layer)
with piranha solution (H2SO4:H2O2 =3:1) for one hour. They were then pre-treated by
different ways (plasma etching, spin-coating of piranha and atomic layer deposition of
oxides). After placing the ceramic boat containing MoO3 powder in the center of
heating zone and another boat containing sulfur powder outside the heating zone, the
chamber was purged with nitrogen and then heated up to growth temperature at a rate
of 15℃/min. Growth was usually allowed for 5 minutes by maintaining the growth
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temperature, and then let chamber cooled down naturally.
4.1 Temperature dependence
As temperature is always a key parameter for MoS2 nucleation and crystallization,
it is necessary to investigate the dependence of MoS2 growth on temperature. Table 5
shows the growth condition for a set of samples.

Table 5. The spectral parameters for the Raman modes in Figure 26.
Growth
temperature

1
Raman E2g

Raman A1g

A1g-

Domain

1
E2g

size

Peak

FWHM

Peak

FWHM

(cm-1)

(cm-1)

(cm-1)

(cm-1)

700°C

382.94

9.35

405.37

7.73

22.43

~8µm

715°C

383.07

7.33

404.91

8.55

21.84

~10µm

730°C

382.29

8.13

403.89

8.55

21.60

~20µm

745°C

382.49

7.82

403.82

8.62

21.33

~20µm

760°C

383.42

7.26

405.69

9.68

22.27

~10µm

It can be seen from the set of temperature varied growth results that 2-D MoS2
single domain could grow under a temperature range from 700°C to 760°C. From the
Raman spectra, the synthesized MoS2 are monolayer and bilayer single crystal.
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Figure 26. Optical images (a, b, c, d, e) and corresponding Raman spectra (f) for
samples under different growth temperature.
The triangular shape of MoS2 layers are synthesized for all 5 different growth
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temperatures. However, these 2-D MoS2 layers do not share the same domain size,
uniformity, density and crystallinity. With the same scale bar on the optical images, the
domain size can be ranked from largest to smallest: ~20µm (745°C and 730°C), ~10µm
(760°C and 715°C), ~8µm (700°C). As it’s been proved that Raman double peak
separation of MoS2 layers indicate the layer number from monolayer to 5 layers. (the
double peak separation value of more than five layers MoS2 approaching bulk value)
So the corresponding layer number for variant temperature growth is straightforward
from Raman double peak separation. Monolayer MoS2 is synthesized under 715°C,
730°C and 745°C while bilayer MoS2 is grown under 700°C and 760°C.
Most triangles grown under 700°C and 760°C were covered with particles-like
nuclei at the center. This has been reported as a layer-plus-island mode with the critical
layer number equaling one, shown from literature in Figure 27. [73]

Figure 27. (a) Height and phase images of monolayer MoS2 (coverage > 90%) on
mica. The contrasts of the triangular flakes in the phase image are distinct from the
regions around probably corresponding to mica. (b) Apparent height image of
monolayer MoS2 on mica in a smaller scale, with the height profile of the flakes as an
inserted panel. [73]
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Figure 28. Raman peak separation under different temperature

From the relation between Raman peak separation and temperature, we concluded
that the layer numbers under different temperature are monolayer or bilayer. Reviewed
from literature, the Raman double peak separation indicate the layer number of 2-D
MoS2. So Figure 28 indicate that Monolayer MoS2 is synthesized under 715°C, 730°C
and 745°C as their double peak separation were in the range of 20 to 22 cm -1 while
bilayer MoS2 is grown under 700°C and 760°C as their double peak separation were in
the range of 22 to 23 cm-1.
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Figure 29. Raman peak width under different temperature

From the peak width versus temperature relation, it can be said that a higher
1
temperature resulted in lower E2g
peak width generally. Trace back to the relation

between Raman peak width and crystallinity, we concluded that a higher temperature
resulted in better in-plane crystallinity.
A1g peak width also shows a temperature dependency, but seems to be in the
1
opposite trend as of the E2g
peak. The sample grown at 700°C shows the smallest A1g

Raman peak width and the one grown at 760°C gives the largest A1g peak width. Those
three grown under 715°C, 730°C and 745°C show similar A1g Raman widths.
Remember that the layer number of those samples grown under 700°C and 760°C is
bilayer while those grown under 715°C, 730°C and 745°C are monolayer. So the out of
plane crystallinity of monolayer MoS2 grown at 715°C, 730°C and 745°C are similar,
however the out of plane crystallinity of bi-layer MoS2 grown at 700°C and 760°C may
possess different correlation mechanism with temperature because they have an
apparent discrepancy in A1g peak width. The peak width correlate with phonon-phonon
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interaction and phonon-photon interaction, and any differences in the electronic
structure of the samples as a function of different growth temperature may also
contribute to the change in the ratio of the Raman response which can be verified by
DFPT calculation to influence the Raman peak width. [74]
4.2 Effect of sulfur introducing time
The sulfur melting time would indicate the sulfur introducing time to the chamber
before the precursors reach the growth temperature. This sulfur melting time is
controlled by changing the location of sulfur source from the MoO3 precursors. We
found that the sulfur melting time has significant influence on the growth of MoS2
layers, including their morphology, uniformity, crystallinity and domain size etc.
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Figure 30. Optical images (a, b, c, d) and corresponding Raman spectra (e, f) for
samples under different sulfur introducing time.

The optical images of samples clearly show the different morphologies when
different sulfur introducing time before growth of MoS2 was used. Under 6 and 7
minutes sulfur introducing time, the resulting samples are MoO2 crystals with a rhombic
shape. As the sulfur introducing time was increased to 11 minutes and 13 minutes, MoS2
single layer are obtained on the substrates with different domain size and uniformity.
The layer-plus-island growth mode still exists on samples with 13 minutes sulfur
introducing time. However, the layer number of both samples grown under 11 and 13
minutes of sulfur introducing time are monolayer. Apparently, the domain size under 11
minutes is bigger than that under 13 minutes. So the optimized condition for sulfur
introducing time is ~11 minutes in order to have monolayer MoS2 growth.
4.3 Substrate pre-treatment effect
Explorations of seeding for promoting MoS2 layer growth by CVD have been
investigated before. Various seeding promotors have been used, including organic
(PTAS, PTCDA, CuPc, CV, NAA, TCTA, BCP, TPBI, F16CuPc, DBP, spiro-TPD, spiro2-NPB, Ir(ppy)3) and inorganic (Al2O3, HfO2, Au, Si) mentioned in review section. [75]
Though the experimental results are controversial, substrate treatment was found to
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have remarkable impact on MoS2 growth. Here we performed additional substrate
treatments exploration with spin-coating, plasma or atomic layer deposition (ALD).
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Figure 31. Optical images (a-h) and corresponding Raman spectra on top of optical
images under different substrate pre-treatment.

As expected, the resulted growth differed from each other with layer number,
uniformity, chemical compounds and nucleation density etc. From the Raman double
peak separation, the resulted MoS2 thickness varied from bilayer to bulk. Seen from the
Raman spectra, ALD deposited Al2O3 and ZnO, spin-coating r-GO, piranha for 2
minutes, piranha for 1 minute and air plasma treated for 10 minutes substrate treatment
resulted in MoS2 growth. Air plasma treated for 2 minutes treatment gave no growth on
substrate while spin-coating piranha for 30 seconds resulted in MoO2 crystallization on
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substrate. So we concluded that substrate treatment is critical to MoS2 layers growth
which is in agreement with previous work.
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Figure 32. Raman peak separation under different substrate pre-treatment.

The double peak separation of MoS2 synthesized under different pre-treatment
shows the resulted MoS2 possessed different layer number or bulk crystal ranging from
2 layers to bulk. Only 1 nm Al2O3 pre-treatment resulted in bi-layer MoS2 while 1.5 nm
ZnO and plasma treated for 10 minutes resulted in bulk MoS2. Other MoS2 grown pretreatment possess a Raman double peak separation between 23 to 25 cm-1 which could
be few layers MoS2 or MoS2 nano particles verified by SEM images.
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Chapter 5. Investigation on synthesis of 2-D MoS2 at low pressure
We presume that the pressure in chamber should play an important role in
nucleation and growth of MoS2, because it affects other growth conditions such as the
vapor phase concentration of sulfur and Mo sources, mean free path of vapor molecules
and collision times between molecules.
Initially, we tried to lower the chamber pressure to grow MoS2 layer with other
growth parameters kept constant. By lowering the chamber pressure to 0.3 Torr, we
could not observe the growth of MoS2 on substrate but instead we obtained MoO2
crystal. So by tuning the amount of sulfur and MoO3, the pressure decreasing
procedures, and nitrogen flow rate, we got triangle MoS2 layer grown on substrates
under 0.3 Torr.
5.1 Growth under different pressure
Follow the optimal growth condition we used before, the growth results under
different pressure are shown in the following.
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Figure 33. Optical images (a, b, c, d) and corresponding Raman spectra (e) for
samples under different pressure.
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It is evident from their optical images that large triangle domains were formed at
550 Torr, 240 Torr and 112 Torr while diamond shape MoS2 was formed at 5 Torr. By
using their Raman spectra, layer number could be identified individually by Raman
double peak separation. It’s noteworthy that monolayer MoS2 was synthesized under
112 Torr and 240 Torr while tri-layer and 5 layers MoS2 was formed under 550 Torr and
5 Torr individually.
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Figure 34. Raman double peak separation of samples under different pressure.

As the Raman double peak separation directly related with MoS2 layer number,
the MoS2 layer number grown under different pressure could be evaluated by
characterized Raman double peak separation. And by combining the thickness-layer
number correspondence, we are able to evaluate the height of MoS2 layers from Raman
spectra.
For verification of layer thickness, we performed atomic force microscope (AFM)
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on the sample grown under 112 Torr.

Δh = 0.8nm

Figure 35. AFM image of monolayer MoS2 on SiO2/Si (top) and topography along the
blue line in AFM image (bottom).

The top images showed triangle shape MoS2 crystal. The blue line shown on the
AFM image crossed the edge of the measured triangle domain, and the bottom image
shows the topography along the line in Figure 35. The height difference along the line
on AFM image indicates the thickness of triangles is 0.8 nm which is in accordance
with the thickness of single layer MoS2.
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The height value agrees well with our Raman double peak separation from single
layer MoS2.
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Figure 36. Raman peak width under different growth pressure.

As concluded from literature, the broader line width of Raman peak from MoS2
1
layer indicate a higher an-harmonic decay rate of phonons. The Raman mode E2g
is

in-plane vibration and the Raman mode A1g is out-of-plane vibration. Higher pressure
1
generally resulted in lower E2g
peak width and higher A1g peak width. So higher
1
pressure resulted in lower an-harmonic decay rate of E2g
mode phonons and higher

an-harmonic decay rate of A1g mode phonons. The better crystallinity, the lower anharmonic decay rate of phonons, so higher pressure generally resulted in better in plane
crystallinity and worse out of plane crystallinity.
5.2 Low pressure growth results
After decreasing the amount of Mo source, lowering the nitrogen gas flow rate and
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changing the pressure, we successfully grown MoS2 layers under 0.3 Torr.
It’s worth mentioning that the pressure proceeding route is critical to growth results.
If the system is directly pumped down to 0.3 Torr based on the 240 Torr growth
condition, the resulted growth would be MoO2 nanoparticles covered on the substrate.
The results shown below indicate bilayer MoS2 synthesized on substrate with
coverage in centimeters scale.

a

b

c

d

58

e

A1g
1000

405.59

900

E12g

800
700

383.49

a.u.

600

22.10

500
400
300
200
100

0.34Torr

0
340

360

380

400

Wavenumber(cm-1)

420

440

Figure 37. Low pressure grown samples (~0.34Torr) characterized by SEM (a, b),
optical images (c, d) and Raman spectrum (e).

Top two SEM images shows the small triangle domain uniformly distributed on
substrate in centimeters scale. The Raman spectra indicate that the triangles are bilayer
MoS2 with double peak separation 22.10 cm-1.
So the achieved low pressure growth of 2-D MoS2 provided us an opportunity for
plasma assisted growth for structure or property tuning and doping.

59

Chapter 6. Conclusions and outlook
In summary, two-dimensional MoS2 was synthesized by chemical vapor
deposition. The growth dependence on temperature, sulfur introducing time, substrate
treatment and pressure were explored. MoS2 layered structure could grow under a
temperature range from 700°C to 760°C with monolayer or bilayer crystal. And higher
temperature resulted in better in-plane crystallinity. 11 minutes and 13 minutes sulfur
introducing time resulted in MoS2 layer growth while 6 minutes and 7 minutes gave
rise to MoO2 crystal. Substrate pre-treatment is critical to MoS2 layer growth. Spincoating piranha solution for 1 minute is optimum treatment for near-atmospheric
pressure growth among our pre-treatment ways. MoS2 layered structure could grow
under a wide range of pressure from atmosphere to 0.1 Torr with suitable concentration
of sulfur and molybdenum source, gas flow rate and pressure decreasing process. It is
an opportunity to proceed plasma assisted growth of MoS2 layer for structure or
property tuning and doping since we successfully grew MoS2 layer under low pressure.
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